We have studied the cardiovascular effects of incremental doses of three catecholamines in dogs subjected to lactic (LAC) and hydrochloric (HCI) acidosis. Fifty-four dogs were allocated randomly to one of three groups: control, LAC and HCI acidosis (n = 18 each group). In the acidotic models, 2 mol litre" 1 of lactic acid (4 ml kg~1 h" 1 ) or 2 mol litre" 1 of HCI (1 ml kg-1 rr 1 ) was infused i.v. until arterial pH was reduced to 7.00 + 0.1. Within each group, six dogs received one of three different drugs in logarithmically incremental doses: adrenaline 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 pg kg-1 min" 1 , noradrenaline 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 ^g kg-1 min~1 and dobutamine 5,10,20,40,80,160 ug kg-1 min~1. Cardiovascular variables were monitored, with periodic measurements of plasma electrolyte and lactate concentrations. The pH reduction induced by HCI or lactic acid was associated with a statistically significant increase in mean pulmonary arterial pressure (MPAP), prominent especially in the LAC group where MPAP increased from mean 18 (SD 5) to 27 (6) mm Hg. In the acidotic models, the reduction in myocardial responsiveness to adrenaline or noradrenaline was more prominent than that for the control for corresponding doses of drugs. In the LAC group mean cardiac index decreased significantly from 5.2 (1.8) to 2.2 (0.7) litre min" 1 m -2 after infusion of adrenaline 3.2 ug kg~1 min" 1 and decreased from 5.1 (1.1 to 2.4 (0.9) litre min" 1 rrr 2 after infusion of noradrenaline 3.2 pg kg" 1 min-1 . In contrast, dobutamine showed dose-dependent increases in cardiac index and heart rate in control, as well as acidotic groups. The acute HCI acidosis induced greater hyperkalaemia than the lactic acidosis. (Br. J. Anaesth. 1995; 74: 583-590) 
. Cardiovascular variables were monitored, with periodic measurements of plasma electrolyte and lactate concentrations. The pH reduction induced by HCI or lactic acid was associated with a statistically significant increase in mean pulmonary arterial pressure (MPAP), prominent especially in the LAC group where MPAP increased from mean 18 (SD 5) to 27 (6) mm Hg. In the acidotic models, the reduction in myocardial responsiveness to adrenaline or noradrenaline was more prominent than that for the control for corresponding doses of drugs. In the LAC group mean cardiac index decreased significantly from 5.2 (1.8) to 2.2 (0.7) litre min" 1 m -2 after infusion of adrenaline 3.2 ug kg~1 min" 1 and decreased from 5.1 (1.1 to 2.4 (0.9) litre min" 1 rrr 2 after infusion of noradrenaline 3.2 pg kg" 1 min- 1 . In contrast, dobutamine showed dose-dependent increases in cardiac index and heart rate in control, as well as acidotic groups. The acute HCI acidosis induced greater hyperkalaemia than the lactic acidosis. (Br. J. Anaesth. 1995; 74: 583-590) It is generally agreed that myocardial contractility is depressed and the cardiovascular system becomes less responsive to catecholamines such as adrenaline and noradrenaline in the presence of acidosis, especially when the pH decreases to less than 7.2 [1] [2] [3] [4] [5] . Our preliminary canine studies suggest that metabolic acidosis produced by administration of either lactic acid or hydrochloric acid can produce reduced responsiveness of the myocardium to exogenous catecholamines; however, lactic acid was generally more depressant to the cardiovascular system than hydrochloric acid. The use of sodium bicarbonate (NaHCO 3 ) to offset the metabolic acidosis resulting from tissue hypoxia during cardiopulmonary resuscitation (CPR) does not improve the haemodynamic state of patients and such a countermeasure may even cause patients to develop intracellular acidosis and metabolic alkalosis or plasma hyperosmolality, which has been associated with poor outcome [6, 7] . Attention has been directed recently to the use of high doses of catecholamines for treatment of cardiovascular collapse accompanied by metabolic acidosis [8] . Increasing the dose of catecholamines may overcome the depressant effects of metabolic acidosis, partly because antagonism of catecholamines by metabolic acidosis occurs predominantly at low doses [4, 8] . In this study, we have examined the influence of acute lactic and hydrochloric acidosis on the canine cardiovascular system and the cardiovascular responses to logarithmically incremental doses of adrenaline, noradrenaline and dobutamine during lactic and hydrochloric acidosis.
Materials and methods
The study was approved by our Institutional Animal Care and Use Committee.
PREPARATION
Fifty-four dogs of both sexes (mean weight 22.6 (SD 3.2) kg) were sedated with Telazol 0.5 mg kg" 1 (a combination of tiletamine HCI 50 mg and zolazepan HCI 50 mg) i.m. Thiopentone 3 mg kg" 1 and pancuronium O.lmgkg" 1 were given i.v. to facilitate tracheal intubation and the lungs were ventilated Table 1 Haemodynamic changes with adrenaline during normal acid-base status and during lactic (LAC) or hydrochloric (HCl) acidosis (mean (SD)). *P < 0.05, **P < 0.01 compared with control group; \P < 0.05, \\P < 0.01 compared with LAC group. Pre-M = before, Post-M = after acid infusion (17) 26 (10) 39 (14) 35 (7) 15 (5) 22 (7) 18 (10) 146 (73) (6) 28 (5) 40 (16) 35 (7) 13 (5) 23 (11) 19 (12) 146 (36) mechanically with 70 % nitrous oxide in oxygen with Pa m2 maintained at approximately 4.6 kPa. Anaesthesia was maintained with 1-2.5% isoflurane in doses to maintain mean arterial pressure at 100 mm Hg. A catheter was inserted in the cephalic vein of the forepaw and 0.9 % NaCl was infused at 10 ml kg" 1 h" 1 throughout the study. Electrocardiographic recordings were obtained from standard lead II. The femoral artery was cannulated for pressure monitoring and blood sampling. A 7.5-French gauge thermodilution pulmonary artery balloon catheter was inserted via the right external jugular vein and positioned in the pulmonary artery for sampling of mixed venous blood and pressure measurements. Cardiac output (CO) was measured by thermodilution using 5 ml of 5 % glucose at 0 °C with an Edwards 9520 cardiac output computer (Edwards Laboratories, Santa Ana, CA). Cardiac index (CI), stroke volume index (SVI), left ventricular stroke work index (LVSWI) and total systemic vascular resistance (SVR) were calculated from the measured variables by standard formulae [9] . Po 2 , Pco 2 , pH and percentage oxygen saturation were measured and base excess, haemoglobin and bicarbonate concentrations calculated by Radiometer ABL2 (Radiometer Corp., Copenhagen, Denmark).
Plasma Na + , K + and Ca 2+ concentrations were measured by Nova 1 and Nova 2 analysers (Nova Biomedical Inc., Boston, MA). Plasma L-lactate (LAC) concentration was measured by a YSI 2300 Table 2 Haemodynamic changes with noradrenaline during normal acid-base status and during lactic (LAC) or hydrochloric (HC1) acidosis (mean (SD)). *P < 0.05, ** P < 0.01 compared with control group; \P < 0.05 compared with LAC group. Pre-M = before, Post-M = after acid infusion 107 (20) 98 (9) 104 (25) Hg)
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Following instrumentation, 30 min was allowed to elapse for stabilization. The models were set as follows: in the lactic acidosis group, lactic acid 2 mol litre" 1 was infused i.v. at a rate of 4 ml kg" 1 h" 1 until arterial pH was reduced to 7.0. In the hydrochloric acid group, HC1 2 mol litre" 1 was infused i.v. at a rate of approximately 1 ml kg" 1 h" 1 until arterial pH was reduced to 7.00. Infusion rates were titrated individually to avoid cardiovascular collapse during acid administration and arterial pH of 7.00 was maintained by adjusting the lactic acid or HC1 infusion rate (generally 25% of the initial infusion rate). Arterial blood-gas tensions were measured every 15-20 min to determine the degree of acidosis. In the control group, normal saline was infused for 3 h in lieu of the acid solutions to simulate the effect of increased volume and duration of anaesthesia. Each animal was given one of the three catecholamines at six different infusion rates. Adrenaline and noradrenaline infusion rates were 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 ug kg" 1 min"
1 . Dobutamine infusion rates were 5, 10, 20, 40, 80 and 160 ug kg" 1 min"
1 . Eight sets of measurements were collected during each experiment. Haemodynamic and metabolic variables were measured at the following times: 30 min after instrumentation and before induction of acidosis (pre-model); when the target arterial pH values were reached, or after 3 h in the control group (post-model); 10 min after the initial infusion of the catecholamine; and 10 min after each incremental infusion rate.
STATISTICAL ANALYSIS
Data are expressed as mean (SD). Analysis of variance was used to distinguish between the group means for animals receiving each of the three catecholamines. Bonferroni test was used for individual differences within groups. The differences were considered statistically significant for P values of 0.05 or less. All results were analysed using the 1990 BMDP statistical software for repeated measurements.
Results
Systemic and pulmonary haemodynamic variables during the study are listed in tables 1-3. There were no significant differences in animal weight (22.6 (3.2) kg) or pre-model pH values in any group (P > 0.05).
However, the difference in arterial pH between the acidotic and control groups was statistically significant 3 h after acid infusion (P < 0.01, table 4). In our preliminary studies we found that rapid infusion of lactic acid to produce an arterial pH of 7.1 produced cardiovascular collapse in some dogs, which were more tolerant towards infusion of HC1. Therefore, in the present study, 3 h of acid infusion was allowed to establish both acidotic models. The mean volumes of acid infused were HC1 67.3 (7.4) ml and lactic acid 277.3 (35.5) ml to achieve a pH of Table 3 Haemodynamic changes with dobutamine during normal acid-base status and during lactic (LAC) or hydrochloric (HC1) acidosis (mean (SD)). * P < 0.05, ** P < 0.01 compared with control group. Pre-M = before, Post-M = after acid infusion.
126 (10) 132 (21) 116 (24) 109 (10) 104 (16) 100 (18) 16 (3) 33 (13) (13) 149 (16) 135 (20) 119 (17) 124 (19) 127 (14) 19 (3) 39 (11) (18) 149 (24) 118 (11) 125 (25) 122 (8) 20 (5) 43 (13) 169 (21) 177 (22) 165 (26) 114 (14) 116 (21) 126 (12) 21 (5) 45 ( (23) 171 (21) 112 (24) 114 (30) 122 (10) 22 (6) 44 (12) (26) 185 (11) 104 (38) 114 (31) 108 (17) 23 (7) 42 (10) 38 (12) 5 (3) 13 (5) 14 (9) 73 ( (28) 195 (14) 106 (53) 106 (34) 108 (21) 26 (6) 36 (8) 41 (13) 7 (4) 12 (5) 13 (8) 77 ( Table 5 Changes in plasma electrolyte concentrations (mmol litre ') and arterial oxygenation before and after infusion of adrenaline (A), noradrenaline (NA) and dobutamine (D) during normal acid-base and acute lactic or hydrochloric (HCl) acidosis (mean (SD)). Pre-m = pre-model, Post-m = post-model, Post-d = maximal change after drug infusion. * P < 0.05 compared with pre-model 1-3) . However, subsequent increases in infusion of all three catecholamines produced different results between the natural and synthetic catecholamines.
In the adrenaline group, CI and LVSWI for the lactic acid group were lower than those for the control and HCl groups after higher doses of adrenaline (table 1) . In the lactic acid group, CI decreased progressively after increasing doses of adrenaline and LVSWI decreased. In the HCl group, CI decreased progressively but LVSWI was statistically unchanged (table 1) . The effects of noradrenaline on CI and LVSWI differed from those of adrenaline (table 2) . Noradrenaline had no significant effect on CI and LVSWI in the HCl group. Adrenaline (table 1) and noradrenaline (table 2) produced dose-related increases in MAP, but variable responses in HR; however, their responses did not differ from those of the control group (tables 1, 2). SVR increased after adrenaline or noradrenaline infusion in the control group and also in the acidotic groups (tables 1, 2). After adrenaline, SVR increased in the control, lactic acid and HCl groups. Similarly after noradrenaline, SVR increased in all three groups (tables 1-3). However, SVR in the dobutamine group was generally decreased (table 3) . Unlike adrenaline and noradrenaline, dobutamine produced dose-related increases in CI and HR in the control and acidotic groups (tables 1-3).
INFLUENCE OF LACTIC AND HCL ACIDOSIS ON PLASMA POTASSIUM, CALCIUM AND SODIUM
The effect of acute metabolic acidosis and exogenous catecholamines on plasma electrolyte concentrations are shown in table 5. There were no significant differences in the initial plasma concentrations of sodium, potassium and ionized calcium in all groups (P > 0.05). The plasma concentration of sodium remained unchanged in all animals throughout the study (P > 0.05). A small but significant increase in plasma concentration of potassium was observed during induction of lactic acidosis (P > 0.05). However, the infusion of HCl solution produced a significant increase in plasma concentration of potassium. The difference in plasma potassium con-centration between the HCl group and the control or LAC group after acid infusion was statistically significant (P < 0.01). Infusion of the three catecholamines further increased the plasma concentration of potassium in the HCl group (P < 0.01), but not in the lactic acid and control groups (P > 0.05). A significant increase in plasma ionized calcium was found only after infusion of noradrenaline in the lactic acid (P < 0.05) and HCl (P < 0.01) groups.
Discussion
It was reported by Campbell and colleagues as early as 1958 [10] that the responses to i.v. catecholamines in humans were depressed during acidosis. Recent studies have shown that correction of acidaemia using NaHCO 3 did not improve haemodynamic state in critically ill patients who had metabolic acidosis associated with hypoxia [7, 11] . Furthermore, clinical and experimental studies suggest that high doses of NaHCO 3 may be ineffectual or even detrimental to the brain and cardiovascular system [11, 12] .
Adrenaline is the drug of choice for treatment of cardiac arrest and severe hypotension and it is suggested that the most effective dose may be higher than those currently recommended during CPR [13] . However, the optimal doses of catecholamines for circulatory support during metabolic acidosis are still controversial. Currently recommended doses of catecholamines for CPR by the American Heart Association are as follows: adrenaline infused at a rate of 0.04 ug kg" 1 min" 1 (2.8 ug mkr 1 for a 70-kg person), noradrenaline 2-12 ug min" 1 for adults and dobutamine 2.5-20.0 ug kg" 1 min" 1 [14] . The doses of the three drugs used in the present study are comparable or larger than the above recommendations. In our acidotic models, the optimal doses of adrenaline and noradrenaline to improve CI were approximately 0.2-0.4 ug kg" 1 mirr 1 . Interestingly, the logarithmically incremental doses of catecholamines used in this study could not overcome the myocardial depressant effects of metabolic acidosis, although some success has been reported elsewhere using high doses of adrenaline [1, 4, 9] . Our data showed that increasing doses of both catecholamines given at a constant infusion rate with HCl or lactic acidosis, did not improve cardiac performance compared with the control group. At the end of the experiment some dogs in the lactic acid and HCl groups succumbed after discontinuation of catecholamine infusions because of cardiovascular collapse.
There are several possible mechanisms for the deteriorating cardiovascular responses observed to high-dose catecholamine stimulation during metabolic acidosis. First, myocardial intracellular acidosis from extensive accumulation of lactate within ischaemic tissue may contribute directly to irreversible damage of myocardial contractile protein and cell structures. Low pH and high lactate concentrations in tissues may cause decreased responsiveness and affinity of cardiac adrenergic receptors. Some data suggest that increased lactate concentration itself may have negative effects on myocardial and brain cells, apart from decreased pH [15, 16] . Although arterial pH was the same in both acidotic groups in the present study, four times the amount of lactic acid (277.3 (35.5) ml (2 mol litre" 1 )) than of HCl (67.3 (7.4) ml (2 mol litre" 1 )) was infused to the respective groups. Intracellular acidosis may be expected to be more severe in the lactic acidotic animals. Second, pulmonary and peripheral vasoconstriction induced by acute metabolic acidosis and adrenaline or noradrenaline may significantly increase cardiac afterload, especially when intravascular volume is adequate. An increase in afterload can further compound the problem of an already depressed myocardium. In general, our data suggest that lactic acidosis, but not HCl acidosis, increased the vasoconstrictor effect of adrenaline and noradrenaline on the pulmonary and peripheral vasculature. Finally, there is evidence that high myocardial tensions of carbon dioxide may adversely affect myocardial contractility and may correlate well with further increases in myocardial [H + ], intramural ST segment changes, anaerobic generation of high energy phosphates and histological damage rather than changes in pH over the range 6.80-7.40 [11, 12] . Therefore, the deteriorating cardiovascular responses to high-dose endogenous catecholamines are the result of intracellular acidosis, severe anaerobic metabolism and mechanical failure.
On the other hand, we observed a positive dose-response relationship of dobutamine for CI and HR (see table 3 ). It seems that the upper limit of cardiac stimulatory effects of dobutamine may be higher than 160 ug kg" 1 min" 1 in our animal models, as the dose-response relations were still inclining. The differences between the haemodynamic responses after adrenaline or noradrenaline and dobutamine during severe metabolic acidosis are not easily explained, as all are catecholamines with similar structures. Unlike adrenaline and noradrenaline, dobutamine is a synthetic catecholamine that is not converted to vasoactive metabolites [17, 18] . Kosugi and Tajimi also found that dobutamine produced increases in CI and SVI even during severe lactic acidosis and during normal acid-base state. They found that dobutamine did not affect plasma noradrenaline concentration during normal acid-base state, but did significantly reduce it from 1.582 (0.213) to 0.896 (0.198) ng ml" 1 during lactic acidosis [19] . The increases in CI produced by infusion of dobutamine was probably the result of decreased SVR, reducing cardiac afterload during either normal acid-base state or severe acidosis. The results of Kosugi and Tajimi, and ourselves suggest that dobutamine might be more useful than adrenaline and noradrenaline in improving myocardial performance during severe metabolic acidosis [19] . However, we recognize that our normovolaemic acidotic model is not the same as a hypovolaemic acidotic model and this may account for some of the pharmacological differences observed between the catecholamines used in this study.
Our results showed that lactic acid or HCl infusion could result in marked pulmonary hypertension, associated with a decrease in arterial oxygen saturation. Some authors have reported that metabolic acidosis from lactic acid infusion produced hypoxia-induced increases in pulmonary arterial pressure or pulmonary vascular resistance [20, 21] , although the mechanism is not clear. HC1 infusion-induced pulmonary vasoconstriction could be mediated by thromboxane A 2 or prostacyclin synthesis but is unlikely to be mediated by products of the cyclooxygenase pathway [21] . The increase in pulmonary vascular tone with rapid administration of lactic acid may be attributed to creation of a pH gradient across the smooth muscle wall, to release of vasoactive materials or to some other undetermined cause.
The plasma concentration of sodium was normal and stable in all groups throughout the study. Plasma ionized calcium concentrations increased with lactic and HC1 acidosis, compatible with the concept that acidosis promotes the dissociation of protein-bound calcium. Although acute disturbances in the acidbase equilibrium are known to result in changes in the plasma potassium concentration and acidaemia is associated with the potassium released from the intracellular compartment to plasma, there is controversy concerning electrolyte disturbances that accompany lactic acidosis [22, 23] . The serum potassium concentration is undisturbed in most cases of lactic acidosis, probably because lactate can enter the cell concurrently with H + during acidosis. This obviates the need for potassium to exit the cell to maintain ionic balance [22] .
Catecholamines have direct effects on endogenous potassium balance [24, 25] . a Adrenergic stimulation results in hyperkalaemia, probably from release of potassium from liver. In contrast, P adrenergic stimulation decreases plasma potassium concentration as a result of potassium uptake by the liver and skeletal muscles. These effects of catecholamines on body potassium are a direct consequence of adrenergic receptor occupancy and are not influenced by insulin, aldosterone or renal excretion of potassium. Infusions of saline solutions have also been shown to result in transfer of potassium from intracellular to extracellular compartments, but this may be a minor factor [26] , In our study, plasma lactate concentration after infusion of adrenaline increased significantly in the control group, but not in the lactic acid and HC1 acidotic groups (table 3) . Endogenous or exogenous adrenaline may increase production and cause release of lactate from muscle [27, 28] . Although some lactate may come from glycogenolysis induced by adrenaline, the excess lactate reflects tissue hypoxia caused by increased oxygen requirements or vasoconstrictor effects of adrenaline [27] . We are surprised that further increases in plasma lactate concentrations did not occur when adrenaline was infused to the acidotic groups. Noradrenaline, although a more powerful vasoconstrictor than adrenaline, also did not change blood lactate concentrations. Dobutamine, a vasodilator, had little effect on plasma lactate concentrations. These data suggest that metabolic rather than vasoconstrictive properties of three catecholamines may have more effect on changes in plasma lactate concentration.
